Introduction
Almost all consumer goods produced are meant for limited lifetime use. After that the product (automobile, office machine, refrigerator, etc.) is scrapped. Recycling may take place, but the original product no longer exists. One very obvious way to reduce material usage, manufacturing waste and energy consumption in mining and manufacturing is to build components that do not need to be replaced. Such components do not need to be recycled, and their usage eliminates the need to produce more components to replace them.
It is natural to ask whether the use of high performance materials could prolong the life of the products produced and consumed. If automobiles did not wear out, they could provide transportation indefinitely. If compact discs did not degrade, they could provide entertainment and computer records for generations. However, there are a number of problems, not all technical, involved with the use of high performance materials for long term usage. This discussion will attempt to define these problems.
Failure Mechanisms in Materials

Life cycles of manufactured goods
There are a number of applications where very long term usage is a requirement of the product. Civil structures, such as bridges, buildings, water and sewer systems are expected to last indefinitely, meaning more than a century. Power generation equipment is expected to last for generations. But consumer goods are normally designed to last seven years, and personal computers even less.
In transportation systems, only aircraft are expected to have lifetimes approaching forty years. Ships that are made of steel corrode so severely that after twenty years they are unfit for further service. Vehicles, either cars or trucks, however, have lives of about 10 to 11 years in the United States. Because of the substantial amount of materials and energy involved in the manufacture of transportation systems, extending their lifetimes would clearly pay dividends. * E-mail: mctc@coe.eng.ua.edu
Failure modes
To discuss component lifetime extension, we must begin with failure modes of materials. There are three major ways that materials fail:
1. Mechanical failure 2. Microstructural degradation 3. Interfacial failure Mechanical failure occurs when the component breaks. Failures in pure tension or compression are rare in service unless the part is poorly designed or unexpectedly overloaded. Most mechanical failures are the result of fatigue: the part is repeatedly stressed at levels that, although they do not cause failure, damage the crystal structure until failure is inevitable. Fatigue failure may be as a result of alternating mechanical stresses or thermal stresses, and it may be enhanced by corrosion.
Microstructural degradation results when reactions occur within the microstructure over time. These may be precipitation reactions, or coalescence reactions, or grain growth or diffusion-controlled reactions. They are enhanced at higher temperatures. However, the definition of "high temperature" depends on the material system, not a person's perception of temperature. For instance, lead fails by high temperature failure mechanisms at room temperature, whereas tungsten is still subject to low temperature failure mechanisms at 1500
• C. Even when high use temperatures are not involved, metastable structures may be created in other ways. Metallic glasses offer a number of attractive applications, but are easily broken down by temperature excursions not planned in the design of the component. Ultra-fine-grained materials may contain large amounts of stored energy in their grain boundaries; unforeseen periods under high stress can release this energy and cause recrystallization, effectively destroying the structure.
Even if the bulk of the material survives over a period of time, the surface may degrade. Corrosion is the most obvious form of surface degradation, and often components are replaced only because they no longer are cosmetically acceptable. (Severe corrosion, of course, diminishes the dimensions of the part, often leading to overload conditions and mechanical failure.)
In composites the interfaces between the matrix and the reinforcing phase may also degrade. The degradation may be as a result of dissolution of one phase by the other, re-action between the two, or even a mechanical stress condition that results when two adjacent materials having different Young's moduli are repeatedly subjected to stress or strain: microstructural damage caused by the response to the stress can cause fatigue in one phase at the interface.
This means that designing a material system for longterm performance is difficult. As demonstrated by hightemperature superalloys, the principles to do so are generally known to materials engineers. However, high performance materials require complex alloy or composites, often containing elements of limited abundance on earth. Easily available materials may not be sufficient. For instance, gas turbine engine blades and vanes operate at temperatures below the melting point of steel. However, they contain little iron, and instead are composed of chromium, cobalt, and refractory elements such as tungsten, molybdenum and rhenium; these elements are required to prevent mechanical, microstructural and surface degradation over the life of the parts. But these materials are not abundant on earth, and their incorporation into consumer goods would substantially increase the cost of these goods.
Designing high performance materials must consider the ultimate use of the material, the chemical species required, the processing steps, the potential for easy recovery and recycling, and the overall economics. A number of programs are under way today to design virtual alloys and composites on the computer from first principles. These offer promise of greatly improved materials in the future.
Testing concerns
A major problem in product design is product testing. If a product is to have long-term usage, it must be tested to confirm that it will indeed last for at least the design life (and usually beyond). It is clearly impractical to test a product for forty years before offering it for sale. As a result, a number of methods of accelerating testing have been developed.
Failure can be accelerated by testing at loads that are greater than those expected in service, or at temperatures greater than those expected in service, or in more corrosive conditions than expected. But altering the testing conditions often alters the precise failure mechanism, thus calling into question the testing procedure.
There are currently a number of attempts to model failure mechanisms on the atomic scale, and to design alloys from first principles using computers. If successful, these methods will predict materials performance, eliminating the need for testing, thus speeding materials systems development.
Other Technical Concerns
There are other technical concerns that must be addressed. To minimize energy consumption during the use phase, components must be made as light as possible. But the primary base alloy systems for lightweight metallic components, Al and Mg, suffer from serious limitations. Aluminum alloys have no fatigue limit, and magnesium alloys are vigorously attacked by chlorine (salt), thus limiting their potential for long-term usage.
Composites pose difficulties in manufacturing processing. In addition, during use, resin matrix composites may burn, endangering life.
One approach is to use intermetallic compounds to bypass these limitations. TiAl intermetallics have good properties, are lightweight, and have good corrosion resistance. Though they are more difficult to form than conventional alloys, they can be made using existing manufacturing facilities. It remains to be seen whether intermetallics, or intermetallic composites, can meet the stringent requirements of long term usage.
And we must be sure that the life cycle costs of the new materials really are lower than those of the materials they replace. If their manufacture requires extensive use of energy, is the trade-off worth it? For instance, while no one would deny that single crystal turbine blades substantially out-perform conventionally cast turbine blades, their manufacture requires a long and expensive casting cooling cycle carried out in a vacuum-an energy intensive process.
If the new materials require rare elements, or elements whose recovery severely disrupts the environment, is the longer life of the product justified (consider the ecology of the area where the element is mined)? Similarly, the use of precious metals as alloy system bases, though perhaps promising, is severely limited by the necessity to keep the cost of components in an economic range that consumers can afford.
Consideration must also be given to the implications of processing steps that might be used to make long lasting components. Do they forbid certain geometries? For instance, the large grain size produced in castings means that the casting process cannot be used to produce ultra-fine-grained materials. But will mill shapes be sufficient, and will they be ecologically and economically efficient, realizing that mill shapes must be machined, an inherently wasteful, expensive, and environmentally harmful operation? And can powder consolidation techniques make the complex geometries that today are made by castings?
Will the requirement for long-term stability forbid the use of certain materials combinations in composites or in the application of surface protection systems? Many once promising composite systems have failed when interface reactions weakened them.
Non-Technical Implications of Long-Lasting Materials
The technical problems in designing materials for longterm usage are alluded to in the above discussion. But there are a number of non-technical considerations as well.
In consumer products, is it really a good idea to have products last forever? If there are bona fide product innovations that improve product performance and/or reduce energy usage, the presence of existing products that have substantial portions of their lifetimes left may stifle product innovation and introduction, and the benefits that improved products bring to society. For instance, when fuel cells replace internal combustion (IC) engines, what good is an IC engine that lasts forever? In other words, if the function of the component becomes obsolete, there is no reason for the materials from which is it made to last forever.
There is a concern that very long lasting materials may also stifle materials development. If there is no market for 378 T. S. Piwonka replacement materials, why should better (i.e., lighter, more corrosion-resistant, stronger, more environmentally friendly) materials be developed?
Any consideration of ecomaterials must also include the energy sources used to produce them. If attaining the material microstructure that produces truly long life materials requires the use of high energy processes (lasers, cryoprocessing, etc.) , where will the energy come from? For instance, although Direct Reduction Iron is a greener method of making steel, it uses natural gas, now in high demand for energy production.
And what of the social costs? If products last two or three times longer than they last today, what happens to the jobs for those who manufacture them and recycle them? The undoubted ecological value of long lasting materials may be more than negated by the economic impact of lost wages and the world-wide disruption caused by those whose poverty encourages rebellion and acts of terror.
Conclusion
The comments above are not meant to discourage the search for or the application of high performance materials for long-term applications. They are intended, however, to call to the attention of the ecomaterials community the substantial challenges that are faced in designing high performance materials and long-lasting products. There are significant tradeoffs that must be considered. They must include the obvious technical concerns that are relatively easy to quantify. To be complete, however, they must also include evaluations of non-technical and societal costs. The materials community is currently ill-prepared to include such factors into its analysis.
There is much work to be done, and little of it will be easy. But the challenge of carrying out this work should lead to improved conditions for our planet and humanity.
